A basal lamina, a uniformly thick extracellular matrix, is formed by parenchymal tissues wherever they contact connective tissues (24). The lamina contains specific varieties of collagens (see reference 13 for review), glycoproteins (8, 16, 23) , glycosaminoglycans, and proteoglycans (1, 2, 9-11) . The process by which these components are assembled into a basal lamina is unclear, but there are implications that interstitial collagen may be involved . For example, type I collagen stimulates normal epithelial cells to accumulate extracellular materials (18) and contact with a type I collagen substratum allows several epithelia to form a basal lamina in vitro (6, 7, 17, 19) . Similarly, when cultured on a type I collagen gel, cells of a mouse mammary epithelial line deposit GAG at the cell-gel interface where they accumulate ultrastructurally identifiable basal lamina materials . In contrast, when these cells are cultured on plastic, despite a nearly identical rate of GAG synthesis, no lamina and GAG accumulate apparently because of a nearly sixfold greater rate of GAG degradation (3) .
S-proteoglycan fractions that are distinct by Sepharose CL-4B chromatography . The culture types contain similar amounts of each fraction, except that Collagen cultures contain nearly four times more of a fraction that is found largely bound to the lamina and Collagen gel . During a chase this proteoglycan fraction is stable in cultures on Collagen, but is extensively degraded in cultures on plastic. Thus, Collageninduced formation of a basal lamina correlates with reduced degradation and enhanced accumulation of a specific heparan sulfate-rich proteoglycan fraction . Immobilization and stabilization of basal laminar proteoglycan(s) by interstitial collagen may be a physiological mechanism of basal lamina maintenance and assembly .
can to degradation, or act in some other way. To investigate these possibilities, we have compared the culture distribution, nature, and metabolic stability of the 36 S-proteoglycans produced by mouse mammary epithelial cells on a plastic or type I collagen gel substratum . The results indicate that similar proteoglycans are produced, but they they are distributed differently in the culture, apparently because of binding to collagen, and thatcollagen reduces the degradation of a specific heparan sulfate-rich fraction that has the characteristics of a basal lamina proteoglycan . A preliminary report of this study was presented in abstract form (4) .
MATERIALS AND METHODS

Cells, Culture, Labeling, and Chase Conditions
The medium for plating, growing, and labeling of the cells was as reported previously (3) . Cells from low passage (13) (14) (15) (16) (17) (18) (19) (20) cultures of the NMuMG cell line (20) were plated at half confluent density (105 cells/cm) on a 2-cm' plastic or collagen gel substratum. The cellswere confluent within 2 d and were labeled for 48 h on day 3 by substituting fresh medium containing 100 pCi/ml H235SOa (carrier free; New England Nuclear, Boston Mass .) for the original medium. This labeling period ensured that the 355-GAG associated with monolayers on plastic was in a steady state (3) . Cultures were chased by substituting label-free medium with a normal S04 '_ content for the labeling medium. The chase was prolonged (48 h) to minimize the contribution from labeled proteoglycan fractions that were formed early during the chase.
Buffers
HBSS was Hanks' balanced salt solution, pH 7.4 . EDTA buffer was Ca**-, Mg"-free HBSS containing 0.02% Na4-EDTA, pH 7.4 . Detergent buffer was HBSS containing 0.5% Triton X-100 (B-grade; Calbiochem-Behring Corp ., San Diego, Calif), 100 mM 6-aminohexanoic acid (Eastman Kodak), 5 mM benzamidine-HCI (Aldrich Chemical Co ., Inc., Milwaukee, Wisc.), 0.5 mM phenylmethylsulfonyl fluoride (PMSF; Calbiochem), pH 7.4 . Extracting buffer consisted of 4 M guanidine-HCI (ultrapure; Schwarz-Mann Div., Becton, Dickinson & Co ., Orangeburg, N. Y.), 100 mM 6-aminohexanoic acid, 5 mM benzamidine-HCI, 0.5 mM PMSF, 10 mM EDTA, and 50 mM sodium acetate, pH 5.8.
Harvesting and Definition of Culture Fractions
After removal of the labeling medium, the monolayers grown on plastic were quickly rinsed with HBSS and this rinse was pooled with the medium. The cells were then removed by incubation in EDTA buffer for 10 min at 37°C, or by scraping in HBSS with the aid of a rubber policeman. The resulting cell suspension was spun at 200 g for 5 min and the supernate (wash) and pellet (cells) were collected separately. Substratum-associated material was material remaining on the plastic dish after removal of the cells as described above, or, after their removal by exposure to ice-cold detergent buffer.
For cultures on collagen the medium was collected as described above. The monolayers and supporting gels were then lifted from the dish with a spatula and washed gently in HBSS by repetitive centrifugation at 200gwith several changes of buffer. These supemates, designated as wash, included the medium from the interstices of the gel. The pellet represented the cell and substratum-associated materials. Cells were obtained by gently agitating the pellet in EDTA buffer for 10 min at 37°C, physically removing the gel from the tube, and centrifuging at 200 g for 5 min. This EDTA supernate contained <2% of the cell andsubstratumassociated label and it was not further analyzed.
A cell-free substratum preparation that retained the basallamina was obtained by extensively rinsing and agitating the pellet in ice-cold detergent buffer. The absence of cells and retention of the lamina was confirmed by transmission electron microscopy . Cell-free substratum material was also obtained by treating the pellet with purified protease-free clostridial collagenase (30 jig/gel) in HBSS containing 0.1% bovine serum albumin (3 x crystalline ; Sigma Chemical Co ., St. Louis, Mo .) . Incubation for 15 min at 37°C resulted in complete solubilization of the gel and its associated materials.
35504
Proteoglycan Extraction
Fluid culture samples were made 4 M in guanidinium ion by adding an equal volume of 2 x extracting buffer . Cells or substratum samples were kept overnight at 4°C in extracting buffer (0 .75-1 ml/original cm). Each sample was spun at 25,000 g at 4*C for 30 min and stored at -20°C. The supernates contained >95% of the total radioactivity in the samples except for the cell samples (-85%) .
Chromatography
The extracts were thawed, centrifuged at 25,000 g for 30 min without loss of label, and passed through a 10-ml (minimum 3 x sample volume) Sephadex G-25 column to remove any free 35 504. Labeled materials from the G-25 void volume were applied to a Sepharose CL-4B column (0 .8 x 100 cm) and eluted at 4°C into I -ml fractions . All chromatography was performed in extracting buffer. Aliquots of each fraction were diluted with 0.5-ml of 70% ethanol and, after the addition of 10 ml of Aquasol (New England Nuclear), were counted at an efficiency of 86-91% . Recovery from the Sephadex and Sepharose columns exceeded 85%, 3 H-glucosamine was included in each run to mark the Vt. K., values given in the text are means (and range) of separate experiments .
GAG Analyses
Total "S-GAG in the culture compartments was determined as described previously (3) . Proteoglycans in pooled eluates were precipitated at -20*C by the addition of 3 vol of 95% ethanol/ 1 .3% K-acetate in the presence of 20 lag of carrier chondroitin-6-sulfate (Calbiochem). The "S-GAG types were identified as described previously (9) by cetylpyridinium-Cl precipitation at low and high salt concentrations after chondroitinase ABC digestion.
2 RAPID COMMUNICATIONS RESULTS
After 5 d of culture, the mammary epithelial cells on collagen have accumulated a layer of GAG-rich basal lamina materials, whereas those on plastic have not (3) . Monolayers on plastic reach a steady-state level of 35SO4 incorporation after 24 h of labeling, whereas 35 5-GAG continues to accumulate in monolayers on collagen (3).
Distribution of "S-GAG
By 48 h of labeling, cultures on collagen contained 1 .40 (±0.05, mean and SD ; n = 6) times more 35 5-GAG per microgram of DNA than cultures on plastic and distributed the 35S-GAG differently (Table 1 ) . In cultures on plastic, half of the "S-GAG was in the medium . In the other half associated with the monolayer, 60°ío was with the cells ; the rest was in the cell wash, representing soluble materials accumulating between and under the cells . Only minute amounts of 35S-GAG were found on the plastic substratum, whether the cells were harvested by EDTA treatment, scraped off with a rubber policeman, or extracted with detergent buffer, and whether the plastic was extracted with hot SDS, 0.1 N NaOH, or 4 M GuHCI. In contrast, in cultures on collagen, the bulk of "S-GAG was associated with the collagen gel substratum and basal lamina ; only l0%o was in the medium . The cells and cell wash, which included the medium present in the interstices of the gel, together contained a similar proportion of 35 5-GAG (-50%) as in cultures on plastic .
The proportion of 35 S-GAG associated with the collagen gel and lamina was the same (~45%) whether the cells were removed with EDTA or extracted with detergent buffer (procedures that leave the lamina intact), or, when the lamina and collagen were solubilized by treating intact monolayers with collagenase . Collagenase treatment released only 0 .5% of the label from cells grown on plastic. These results indicate that the major difference in 35 S-GAG distribution between the cultures is in the extracellular materials, which are soluble in cultures on plastic but largely immobilized with the substratum in cultures on collagen .
Nature of 35 S-GAG in the Culture Compartments
The materials in the various compartments (Table I) were analyzed by chromatography on Sepharose CL-4B in 4 M GuHCI and protease inhibitors to determine whether the compartments contained different " S-GAG containing molecules . Cultures on Plastic
The "S in the cells from cultures on plastic resolved into three approximately equal fractions ; a peak in the excluded volume (V o), at K = 0 .327 (0.010) and 0.872 (0.020) (mean (range) for n = 3 ; Fig . IA) . Digestion of the cell extract with thermolysin caused the label to elute as a broad peak at K,.
0.55 and a more narrow one at K = 0 .87 (Fig . IA) . Similar results were obtained with cells harvested by scraping .
The label in the EDTA wash of the cells eluted as a single asymmetric peak with Ke = 0 .342 (0.029) (Fig. 1 B; n = 3) . To assess the asymmetry, materials of apparently larger size (K = 0.15-0.25) were rechromatographed . These eluted at K a 0 .18 as a symmetric well-defined peak (Fig. 2) . When digested with thermolysin, the label in the entire cell wash eluted as a single broad peak with K -0.55 (not shown) . The a5S in the medium, the largest compartment, was more heterogeneous, eluting as a double peak, with a shoulder near Ka -0.2 and maxima at Ka = 0 .399 (0.019) and 0 .548 (0.037) (Fig. 1 C; fractions also yielded results similar to those obtained for cells on plastic (not shown) .
The label remaining with the basal lamina and collagen gel after removal of the cells with detergent buffer eluted as a double peak with maxima at K = 0.188 (0.015) and 0 .362 (0.045) and a shoulder near Ka = 0 .55 (Fig. 1 E ; n = 3 ) . After protease digestion, these materials also eluted in a single broad peak with Ka -0.558-0 .562 (not shown) . The chromatograph of the label solubilized by collagenase treatment of intact monolayers, which removed the lamina and collagen gel, was similar to that of the detergent insoluble materials: a double peak with maxima near Kv~-_ 0.2 and 0.35 (Fig. 1 E) .
The material in the cell wash eluted as a broad peak with a maximum at Ka,. = 0.389 (0.033) and shoulders near K _ 0 .199 (0.04) and 0.577 (0.015) (Fig. 1 F n = 3 ). This profile was identical to that shown by the small amount of 35S material accumulating in the medium .
Comparison of Cultures
These results indicate that, regardless of substratum, the cells produce similar types of several chromatographically distinct "S-labeled fractions; those eluting near Ka = 0, 0.2, and 0 .3-0 .4 (subsequently referred to as Vo, Vo.z, and Voss fractions) are in proteoglycans containing similar-sized GAG chains, whereas those eluting near K ., . = 0 .55 and 0 .87 (Voss and Vo .a7) appear to be free GAG chains . The fractions are in different compartments of the cultures: the Vo proteoglycans and the Vo.e, GAG fractions are found only in the cells, whereas the Vp .2 proteoglycan and the Voss GAG fractions are only extracellular . The Vo .as proteoglycan fraction is mostly extracellular (wash, media) but is also found within the cells . Slight differences in the Ka values were obtained for the Vo.aS fractions derived from the different culture compartments (cf. above) but whether these differences are significant remains to be established.
The labeled GAG compositions of the fractions are also similar ; the proteoglycans and the Vp.s, GAG fraction have 80-85% of their label in heparan sulfate and the remainder in chondroitin sulfate, whereas the Vo.sS GAG fractions have a larger proportion of 35S-chondroitin sulfate (Table II) . These values may underestimate the proportion of heparan sulfate because it generally has a lower sulfate content than chondroitin sulfate . To compare the relative amounts of each fraction in the cultures, the amount of 35S per microgram of DNA in each fraction was determined from the various profiles of both cultures (cf. Fig. 1 ) . This amount of label was then expressed relative to the amount of 35 S in the Vo fraction from cultures on plastic (Fig. 3) . This comparison reveals that the cultures contain the same relative amount of label in the Vo and Vo. 87 fractions, but that the collagen cultures contain slightly (<20%) more in the Vo .35 and Vo.55 fractions and greater than four times more in the Vo.2 fraction . In cultures on collagen 60% of this extracellular proteoglycan is immobilized on the substratum, whereas in cultures on plastic it remains soluble, with roughly equal amounts present in the wash and media fractions . Thus, the increased 355-GAG in the cultures on collagen is attributable primarily to greater accumulation of the Vo.2 proteoglycan fraction.
Proteoglycan Stability during a Chase
To determine whether the greater accumulation of the Vo.2 proteoglycan fraction could result from its reduced degradation, we assessed the stability of the proteoglycans during a Average and range of two separate experiments on plastic, means and standard deviations of three experiments on collagen : a, medium samples; b, substratum samples. * C cellular; EC, extracellular. $ Total 355-GAG is defined as the 35 504 precipitable with cetylpyridinium-CI at 0.05 M Na'. Heparan sulfate is the 355-GAG that is precipitable at 0.6 M Na' after digestion with chondroitinase ABC (9, 21) . The heparan sulfate nature of this GAG was confirmed in selected samples (Vo .2) by determining its sensitivity to nitrous acid . 4A ; n = 3). The chase profile was very similar to that seen for the substratum material immediately after labeling (cf. Fig. 1 E) . Indeed, after the chase, 96% of the cell and collagen gel label was Triton X-100 insoluble and, when the cells were removed with EDTA, virtually all of their label eluted in the void volume (not shown). The materials in the cell wash were also stable; after the chase, 72 .4 ± 9.6% (mean ± SD; n = 3) of the original label remained and its elution profile was virtually unchanged ( Fig. 5 ; n = 2). Macromolecular label lost to the medium during the chase was <10% of the original label. Thus, on collagen, the cell associated fractions (Vo, Vo .35, VO.87) chase rapidly, whereas the extracellular (Vo .2, Vo.35) proteoglycans chase very slowly. After 48 h of labeling on plastic, the 35S in the monolayer eluted as a Vo peak, a large and slightly asymmetric Vo.35 peak (K,. = 0 .350 [0.042]), and a small VO.87 peak (K = 0 .872 [0.057]) ( Fig. 4B; n = 3) . After a 24-h chase, only 11 ± 3 .1% (mean ± SD ; n = 4) of the original label remained with the monolayer. These materials eluted as a Vo, a symmetrical VU .35, and a very small VO.87 peak (Fig. 3 B ; n = 2). Macromolecular label lost to the medium during the chase (30 ± 4 .5% [mean ± SD ; n = 4] of the original label) eluted as a symmetrical peak with K = 0.350-0 .393 ( Fig. 4B ; n = 2). The rest of the original label comigrated with free S04 on the Sephadex G25 column that was routinely run before the Sepharose 4B chromatography (not shown) . Importantly, the -8-10% of the original label in the Vo .2 fraction could not be detected after the 24-h chase ; this extracellular proteoglycan appeared to chase as rapidly as the proteoglycans in the cells. Thus, reduced degradation of the Vo.2 proteoglycan fraction can account for its enhanced accumulation in cultures on collagen . The mouse mammary epithelial cells used in this study form a continuous basal lamina when grown in athymic nude mice (5) . These cells fail to form a lamina when cultured on plastic but will form a basal lamina-like layer when cultured on a type I collagen gel (3) . We show here that regardless of the substratum, the cells produce similar types of several heparan sulfate-rich proteoglycan fractions and that formation of the lamina on collagen is accompanied by a substantial increase in a specific proteoglycan fraction . Enhanced accumulation of this fraction on collagen is attributable, at least in part, to a reduction in its rate of degradation . The collagen may be providing a substratum that allows physiological mechanisms of basal lamina assembly and maintenance to proceed in vitro .
RAPID COMMUNICATIONS
The proteoglycan fraction (Vo .2) that selectively accumulates on collagen gels may be a novel basal lamina proteoglycan . In these cultures, ruthenium red staining localizes polyanionic materials to the lamina and autoradiography shows that the 358 label is confined to the cells and the cell-gel interface (3) .
The Vo. 2 fraction is present only extracellularly, is found in largest amounts physically associated with the lamina and collagen gel and is the only fraction to increase significantly during formation of the lamina. A proteoglycan fraction of nearly identical Sepharose 413 elution characteristics and GAG composition has been isolated from a basement membraneproducing tumor (10) . The Vo.2 fraction differs, however, in elution characteristics from a proteoglycan of similar composition isolated from the glomerular basement membrane (12) .
In cultures on collagen, the heparan sulfate-rich proteoglycans are largely in an insoluble matrix whereas the analogous fractions are soluble in cultures on plastic . This insolubility is attributable to the collagen gel, but whether the proteoglycans bind directly to the collagen or to some intervening component(s) remains to be established . This proteoglycan deposition would be consistent with known glycosaminoglycan-collagen interactions (15) . Additionally, laminin, a constituent of basal laminae, can bind heparinlike polysaccharides (22) , as can fibronectin (14, 25) . These proteins could immobilize the heparan sulfate proteoglycan in the lamina on the preformed collagen gel substratum .
The degradation rate of the Vo.2 proteoglycan fraction is markedly reduced in collagen cultures, apparently because of its binding and interaction with the collagen substratum . On the other hand, most of the proteoglycans eluting near Ka = 0 .35 also bind to the collagen gel (Fig. 1 E) , but this fraction doesn't accumulate (Fig . 3) , suggesting that reduced degradation upon interaction with collagen may be limited to the Vo.2 proteoglycan fraction . Thus, despite their similar GAG composition and chain size, the proteoglycan fractions represent functionally distinct entities . Analogous interactions could also reduce the degradation rate of several other lamina components, ultimately resulting in the appearance of the ultrastructurally identified lamina .
Although the collagen substratum causes the basal lamina proteoglycan to accumulate, this effect is not analogous to "differentiation" of the cells as suggested in prior studies (18, 19) . Rather, the collagen selectively stabilizes a proteoglycan fraction that is also produced in the absence of exogenous collagen . This in vitro effect of the collagen gel may have physiological significance . A collagen substratum may not be required for basal lamina accumulation when the lamina is rapidly turning over (2) . Under such circumstances, the production rate may be high and adequate enough, even in the absence of any stabilizing factor, to allow a lamina to form . This may be the case during early embryonic development where the lamina must turn over rapidly to accommodate growth and changes in tissue shape . On the other hand, when lamina turnover is slow, for instance in mature organisms, exogenous collagen may be needed to stabilize the lamina components to degradation, thus maintaining the integrity of the lamina .
